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ABSTRACT 
The e f f e c t s  of i n t e r s t i t i a l  oxygen on t h e  e lec t r ica l  c h a r a c t e r i s t i c s  of 
Czochralski-grown s i l i c o n  c r y s t a l s  w e r e  i nves t iga t ed  f o r  t h e  f i r s t  t i m e  on a micro- 
scale. It w a s  found t h a t  t h e  genera t ion  of thermal  donors i s  no t  a d i r e c t  func t ion  
of t h e  oxygen concent ra t ion .  It w a s  f u r t h e r  found t h a t  t h e  minor i ty  carrier l i f e -  
tfme decreases  wi th  inc reas ing  oxygen concent ra t ion ,  on a microsca le  i n  "as-grown'' 
c r y s t a l s .  It w a s  t hus  shown, aga in  f o r  t he  f i r s t  t i m e ,  t h a t  oxygen i n  "as grobm" 
c r y s t a l s  i s  not  e l e c t r o n i c a l l y  i n e r t  as gene ra l ly  be l ieved .  Preanneal ing a t  1200°C 
commonly employed i n  device f a b r i c a t i o n ,  w a s  found t o  suppress  the  donor genera t ion  
a t  450°C and t o  decrease t h e  deep l e v e l  concent ra t ions .  
INTRODUCTION 
Oxygen, i n v a r i a b l y  p re sen t  i n  Czochralski-grown c r y s t a l s ,  i s  a most undes i rab le  
impur i ty ,  as i t  has  no t  only adverse ,  bu t  a l s o  unpredic tab ly  complex e f f e c t  on S i  
devices  ( r e f .  1). 
I n t e r s t i t i a l  oxygen i n  Ifas grown" c r y s t a l s  has been gene ra l ly  considered t o  be 
e l e c t r o n i c a l l y  i n e r t .  Upon h e a t  t reatment  a t  450"C, i t  becomes e l e c t r o n i c a l l y  
active and l eads  t o  the  genera t ion  of donors which have been a t t r i b u t e d  t o  t h e  
formation of S i - 0  complexes ( r e f .  2 ) .  The concent ra t ion  of t hese  donors has  been 
re1at:ed d i r e c t l y  t o  t h e  oxygen concent ra t ion  ( r e f .  3 ) .  These donors can be annihi-  
l a t e d  a t  h ighe r  temperatures.  Eventual ly  prolonged hea t  t reatment  a t  temperatures  
exceeding 1000°C l eads  t o  mic roprec ip i t a t e s  of S i 0  ( r e f .  4 ) .  
X 
I n  our s t u d i e s  we have developed techniques f o r  t h e  d i r e c t  comparison of 
oxygen concent ra t ion  and thermally a c t i v a t e d  donors on a microsca le  ( r e f .  5 ) .  Most 
r e c e n t l y  w e  developed a technique f o r  determining t h e  minor i ty  c a r r i e r  l i f e t i m e  on 
a microscale ,  and thus  t h e  means of comparing d i r e c t l y  t h e  oxygen concent ra t ion  t o  
t h e  l i f e t i m e .  W e  have found t h a t  t h e  thermally a c t i v a t e d  donors are not  n e c e s s a r i l y  
a d i r e c t  func t ion  of t he  oxygen concent ra t ion .  More impor tan t ly ,  w e  found t h a t  
i n t e r s t i t i a l  oxygen o r  oxygen i n  "as grown" c r y s t a l s  is  no t  e l e c t r o n i c a l l y  i n e r t ,  
bu t  i t  has  a pronounced e f f e c t  on t h e  minor i ty  carrier l i f e t i m e .  Furthermore, h e a t  
t rea tments  do n o t  j u s t  c o n t r o l  t h e  donor Concentrat ion,  bu t  cause complex e l e c t r o n i c  
i n t e r a c t i o n s  wi th  d i r e c t  imp l i ca t ion  t o  S i  devices ,  i nc lud ing  photovol ta ics .  
EXPERIMENTAL 
Czo r a l  ki-grown B-doped (%1015cm-3) c r y s t a l s  w i th  an oxygen concent ra t ion  of €b -9 about: 10 cm w e r e  employed f o r  t h e  s tudy of t h e  e f f e c t s  of oxygen concent ra t ion  o r  
oxygen concent ra t ion  v a r i a t i o n s  on the  e l e c t r o n i c  p r o p e r t i e s .  Longi tudina l  slices 
of S i  w e r e  employed, s i n c e  pronounced oxygen concent ra t ion  v a r i a t i o n s  are p resen t  
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along t h e  growth d i r e c t i o n  ( r e f .  6 ) .  On t h e  o t h e r  hand, t h e  e f f e c t s  of h e a t  treat- 
ment on energy l e v e l s  w i t h i n  t h e  energy gap w e r e  i n v e s t i g a t e d  on slices c u t  perpen- 
d i c u l a r  t o  t h e  growth d i r e c t i o n  i n  which t h e  oxygen concent ra t ion  v a r i a t i o n s  are 
r e l a t i v e l y  s m a l l .  
Oxygen mic ropro f i l e s  w e r e  ob ta ined  w i t h  scanning I R  absorp t ion  ( r e f .  7) and 
carrier concent ra t ion  p r o f i l e s  w i t h  h igh  r e s o l u t i o n  spreading  r e s i s t a n c e  measurements. 
L i fe t ime and oxygen concent ra t ion  mic ropro f i l e s  w e r e  ob ta ined  wi th  a newly deve- 
loped double laser arrangement as shown i n  Fig. 1. The CO laser (9.17 pm wavelength) 
w a s  employed f o r  ob ta in ing  a t r a n s m i s s i v i t y  p r o f i l e  from wnich t h e  oxygen concentra- 
t i o n  p r o f i l e s  could be  determined. A second t r a n s m i s s i v i t y  prof i le--over  t h e  iden- 
t i c a l  area--was obta ined  employing both t h e  CO2 laser and a YAG laser (10.6 um wave- 
l eng th ) .  This  t r a n s m i s s i v i t y  p r o f i l e  r e f l e c t e d  t h e  v a r i a t i o n  of excess  carriers 
(generated by t h e  YAG l a s e r )  superimposed t o  t h e  v a r i a t i o n s  of oxygen concentrat ion.  
By s u b t r a c t i n g  t h e  con t r ibu t ion  of t h e  oxygen absorp t ion  from the  composite t r ans -  
m i s s i v i t y  p r o f i l e  we  obtained t h e  v a r i a t i o n  of t h e  excess carrier concent ra t ion .  
Since t h e  i n t e n s i t y  of YAG laser, I ,  w a s  maintained cons tan t  from t h e  v a r i a t i o n  i n  
excess  carrier concent ra t ion ,  An, t h e  v a r i a t i o n  i n  carrier l i f e t i m e ,  T, could be 
d i r e c t l y  determined, s i n c e  
2 
An = ( l - R ) 1 ~  
where R i s  t h e  r e f l e c t i v i t y  c o e f f i c i e n t .  
Energy levels w e r e  determined by Ha l l - e f f ec t  measurements as a func t ion  of 
temperature  and by deep level t r a n s i e n t  spectroscopy,  DLTS. 
RESULTS AND DISCUSSION 
I n  previous communications ( r e f .  5)  w e  r epor t ed  t h a t  oxygen concent ra t ion  vari- 
a t i o n s  (on microsca le)  are no t  d i r e c t l y  r e l a t e d  t o  t h e  thermally a c t i v a t e d  donor 
concent ra t ion  v a r i a t i o n s ,  and it  has  been shown t h a t  microdefects  p l ay  an important  
r o l e  i n  the  gene ra t ion  of thermal  donors. The a n a l y s i s  of t hese  r e s u l t s  i s  sum- 
marized i n  Fig. 2. 
f i l e s  of oxygen and thermal  donor concent ra t ions  ( r e f .  5b).  The l i n e  r ep resen t s  t h e  
proposed dependence of thermal  donor concent ra t ion  on t h e  f o u r t h  power of oxygen 
concent ra t ion  ( r e f .  3). It is seen  t h a t  measurements on a microsca le  do n o t  support  
t h i s  dependence and t h a t  macroscale measurements do l e a d  t o  erroneous conclusions.  
The exper imenta l  p o i n t s  w e r e  ob ta ined  from numerous micropro- 
It has been gene ra l ly  assumed t h a t  oxygen i n  "as grown" S i  c r y s t a l s  i s  elec- 
For obvious reasons ,  c r i t i ca l  t e s t i n g  of t h i s  assumption could t r o n i c a l l y  i n e r t .  
no t  be c a r r i e d  out  on t h e  b a s i s  of macroscale measurements. However, employing 
double laser scanning I R  absorp t ion  revea led ,  f o r  t h e  f i r s t  t i m e ,  t h a t  indeed oxygen 
i s  e l e c t r o n i c a l l y  active, as seen  i n  Fig. 3. It is  seen  t h a t  t h e  minor i ty  carrier 
l i f e t i m e ,  determined as o u t l i n e d  above, i s  s i g n i f i c a n t l y  a f f e c t e d  by oxygen. Maxima 
i n  t h e  l i f e t i m e  correspond t o  minima i n  oxygen absorp t ion  ( i . e . ,  i n  oxygen concen- 
t r a t i o n ) .  
These r e s u l t s  are very  s u r p r i s i n g ,  as they  i n d i c a t e  t h a t  i n t e r s t i t i a l  oxygen 
cannot as y e t  be understood on a t h e o r e t i c a l  b a s i s .  It must, t hus ,  be assumed, a t  
t h i s  t i m e ,  t h a t  oxygen-Si o r  oxygen-point d e f e c t  complexes are p resen t  a long wi th  
t h e  i n t e r s t i t i a l  oxygen spec ie s .  
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A t t e m p t s  w e r e  made t o  s tudy  t h e  l i f e t i m e  v a r i a t i o n s  on a microsca le  a f t e r  450°C 
hea t  t reatment .  However, a pronounced o v e r a l l  decrease i n  t h e  l i f e t i m e  made t h e  
de te rmina t ion  of i t s  v a r i a t i o n s  e s s e n t i a l l y  impossible .  
Thus, a series of experiments w e r e  i n i t i a t e d  t o  determine t h e  e f f e c t s  of 
h e a t  t rea tment  a t  va r ious  temperatures  (300 t o  750OC) on t h e  l i f e t i m e  employing 
macroscale measurements. Prel iminary r e s u l t s  showed t h a t ,  i n  gene ra l ,  t h e  l i f e t i m e  
decreases  wi th  inc reas ing  anneal ing temperature. However, f o r  a given annea l ing  
temperature t h e  l i f e t i m e  va lues  va ry  s i g n i f i c a n t l y  as a func t ion  of l i f e t i m e  measure- 
ment temperature  (10 t o  300 K) .  Apparently, recombination c e n t e r s  of a d i f f e r e n t  
n a t u r e  are in t roduced  a t  t h e  va r ious  h e a t  t rea tment  temperatures.  Work is being 
pursued t o  determine t h e  c h a r a c t e r i s t i c s  of t h e  va r ious  recombination c e n t e r s  and 
w i l l  be  repor ted  i n  a f u t u r e  communication. 
I n  another  series of experiments t h e  e f f e c t s  of preanneal ing a t  1200°C f o r  
30 minutes on subsequent low temperature  anneal ing and on t h e  deep levels i n  S i  were 
inves t iga t ed .  This  type  of preanneal ing is  usua l ly  employed p r i o r  t o  device  f a b r i -  
ca t ion .  The r e s u l t s  of t h e s e  experiments are shown i n  f i g u r e s  4 ,  5 ,  and i n  Table I. 
It i s  seen  i n  Fig. 4 t h a t  preanneal ing decreases  t h e  rate of thermal  donor 
genera t ion  a t  450°C. 
without  preannea l ing ,  does no t  t ake  p l ace  upon preanneal ing,  even a f t e r  hea t  treat- 
ment f o r  200 h r s .  
I n  f a c t ,  conversion from n- t o  p-type, which t akes  p l ace  
I n  an a t t e m p t  t o  c l a r i f y  t h e  r o l e  of high temperature preanneal ing,  t h e  deep 
l e v e l  concent ra t ions  w e r e  determined i n  "as growntt c r y s t a l  segments and preannealed. 
A s  seen  i n  Fig.  5 ,  two d i s t i n c t  acceptor  deep leyels w e r e  observed i n  "as grown" S i .  
The concent ra t ion  of t hese  l e v e l s  decreased s i g n i f i c a n t l y  upon preannea l ing ,  as 
shown i n  Table I ,  i n d i c a t i n g  t h a t  t hese  levels do not  o r i g i n a t e  i n  impuri ty  atoms, 
bu t  r a t h e r  i n  impuri ty  atom-point d e f e c t  complexes. Although t h e  r e l a t i o n s h i p  
between t h e  r e s u l t s  of Fig. 4 and Table I i s  no t  c l e a r  a t  p r e s e n t ,  i t  p o i n t s  t o  
the  conclusion t h a t  t h e  thermal donor genera t ion  i s  a po in t  de fec t - a s s i s t ed  process .  
I n  summary, oxygen i n  ''as grown'' S i  o r  upon hea t  t r ea tmen t s ,  employed i n  
device processing,  has  pronounced e f f e c t s  on e l e c t r o n i c  p r o p e r t i e s  c o n t r o l l i n g  
device  performance. 
wi th  po in t  d e f e c t s  o r  po in t  d e f e c t  complexes. I d e n t i f y i n g  t h e  n a t u r e  and achieving 
c o n t r o l  of t h e s e  i n t e r a c t i o n s  should prove of paramount importance i n  opt imizing 
device performance and s t a b i l i t y .  
These e f f e c t s  appear t o  be  t h e  r e s u l t  of oxygen i n t e r a c t i o n s  
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TABLE I. - DEEP ACCEPTOR LEVELS I N  S i  AND THE EFFECT OF PREANNEALING AT 1200°C FOR 
30 MINUTES 
Sample 0.19 e V  0.43 e V  
A 2.4 x 10 1.2 x 10 11 
11 A s  Grown A’ 2.7 x 10 l1 1.2 x 10 
10 B 7.2 x 10 lo 7.2 x 10 
B’ undect ab 1 e undect ab l e  
Preanneal ing 
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Figure 1. Schematic representation of double laser scanning absorption. 
0 0 0  0 0 0 3  
0 O O  
O O  
0 
1.5 !015 
I x ioi5 
5 x 1014 
2 x lot4 Y 
0 
O A  
0 O O  y o  i 0 
J 
0 0 0  
/ o  
0 0 
I ioi4 - 0  I I I I I I 
1~10'~ 1.1 xIO'* 1.2x10i8 1.3~10'~ 1.4~10'~ 1.5~10'~ 1.6~10'~ 1.7~10'~ 
Figure 2. Thermal donor concentrations activated by heat treatment at 450°C 
for 4 hrs as a function of oxygen concentration. Straight line represents 
proposed relationship between thermal donor and oxygen concentrations 
(ref. 3). 
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Figure 4. Carrier concent ra t ion  as a func t ion  of annea l ing  t i m e  a t  450'C 
0 "as grown" S i ;  o preannealed a t  120OoC f o r  30 minutes. 
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Figure 5. DLTS spectrum of "as grown" Si. 
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EFFECTS OF INJECTION CHARGE DISTRIBUTION ON THE PERFORMANCE 
OF RADIATION DAMAGED, HIGH KESISTIVITY CELLS 
I. Weinberg, C. Goradia", and C.K. S w a r t z  
NASA Lewis  Resea rch  C e n t e r  
Cleveland,  Ohio  
Extended Abstract 
Previous results indicate that, contrary to expectations, for sufficiently 
high cell base resistivities, the radiation resistance of silicon solar cells 
decreases as cell resistivity increases (ref. 1). This result was observed 
for n'p' cells of 84 and 1250 n-cm base resistivities, the data being 
analyzed using a theory valid only under open circuit conditions (ref. 2). 
From this a qualitative argument was presented to show that the increased 
degradation was due primarily to an increased voltage drop in the cells' base 
region (ref. 1). In the present case we use an analytical model, valid over 
all cell voltages, to place our previous qualitative conclusions on a firmer 
quantitative basis. Since loss of conductivity modulation is attributable to 
the behavior of the base injected charge distribution (ref. 3), we pay partic- 
ular attention to this factor in our present treatment of the data. 
Normalized maximum power as a function o f  fluence, after irradiation by 1 
MeV electrons, is shown in figures 1 and 2. Also shown in figure 1 are the 
data for a 10 n-cm silicon cell with BSF (ref. 4). From both figures it is 
readily seen that in the resistivity range shown, as cell base resistivity in- 
creases the radiation induced degradation increases. This is the reverse of the 
behavior usually observed for cells in the lower resistivity ranges (ref. 4). 
are lower than the injected minority carrier concentrations at air mass zero. 
Hence, the usual low injection models do not apply. For this reason, we have 
developed a model, valid for both high and low injection levels, to use in 
treating the present data. Additional details have been presented in a pre- 
vious publication (ref. 5). The model takes into account nonuniform optical 
carrier generation, band gap narrowing, generation, and recombination in the 
n'p space charge region, wave1 ength-dependent ref 1 ect ion coefficients, and 
ohmic and Dember voltage contributions in the base region. 
Base majority carrier concentrations, in the present unirradiated cells, 
Schwartz et al. (ref. 3) have shown the importance of the base minority 
carrier distribution as a factor in cell degradation under high injection 
conditions. Calculations for a BSF cell under these conditions show that, 
with increasing cell current, the injected carrier concentration at the back 
junction decreases, with the region of low concentration progressively 
extending toward the front junction (ref. 3). In the present case, a similar 
situation holds for the high resistivity cell as diffusion length decreases 
with fluence (fig. 3).At the lower fluences the cell of figure 3 is in high 
injection. With increased fluence, the injected carrier concentration 
decreases, and portions of the cell near the back junction are in low 
*Dept. of Electrical Engineering, Cleveland State University, Cleveland, Ohio. 
injection. As the injected carrier concentration is lowered, the ohmic 
voltage drop across the cells' base region is anticipated to contribute 
significantly toward cell degradation. However, as cell thickness decreases, 
the diffusion lengths are still large enough, compared with cell thickness, 
that one does not encounter the gradient of injected carrier concentration 
seen in figure 3 .  This is illustrated in figure 4 for the thinnest higher 
resistivity cell. In this case, although the injected carrier concentration 
is higher than the base concentration, the cell base resistivity is still high 
enough to contribute a significant ohmic drop in the cells' base region. 
Behavior of the injected carrier concentration for the thicker 84 a-cm cell 
is shown in figure 5. In this case the cell is near the high injection 
condition at low fluence, the entire cell being in low injection at the higher 
fluences. 
cells except the 10 a-cm cell of figure 1. 
calculating components of the cell output voltage V where 
Similar calculations of charge densities were carried out for all 
These served as the basis for 
where V1 and V2 are the front and rear junction voltages, VDEM is the Dember 
potential, Vohmic is the ohmic voltage drop across the cells' base region and 
I R s  is the remaining series resistance voltage drop due to cell components oth- 
er than the base. The computed voltage drops are shown in figures 6 and 7 for 
the thicker cells of both resistivities. The ohmic drop is seen to be the dom- 
inant factor in degradation of the higher resistivity cell. 
ohmic contribution diminishes with decreased cell resistivity but remains a 
significant factor in the thicker low resistivity cell. As shown i n  figure 8, 
this component diminishes with cell thickness. but is still significant in the 
thinner high resistivity cell, and is nontrivial in the thinner lower resistiv- 
ity cell. 
As expected, the 
The present results indicate that as cell resistivity increases, the base 
injected minority carrier distributions, leading to lack of conductivity mod- 
ulation, are increasingly significant factors in radiation-induced cell degra- 
dation. Although, for the cells presented here, degradation increases with 
increased resistivity, cells of lower resistivity show decreased degradation 
with increased resistivity (ref. 4). Thus, there appears to be a trade-off 
between decreased radiation-induced degradation due to decreased dopant con- 
centration and the degrading effects of ohmic voltage drops. 
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Figure 3. - Injected carrier concentration in cell's base region a t  Pmax. 
p = 1250 n-cm; thickness = 250prn. 
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Figure 4. - Injected carrier concentration in cell's base region at Pmax. 
p = 1250 n-cm, thickness = 61 pm. 
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Figure 5. - Injected carrier concentraticn in cell base. p = 84 n-cm; 
t = 250 urn. 
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Figure 6. - Voltage components at Pma,. P = 1250 n-cm, t = 250 urn. 
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Figure 7. - Voltage components at PmaX.  P = 84 n-cm; t = 250 vm. 
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Figure 8. - Ohmic voltage component - all cells. 
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Figure 1. - Normalized maximum power versus 1-MeV electron fluence for high 
resistivity n+pp++ cells. Cell thickness, 101 to 305 urn. 
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Figure 2. - Normalized maximum power versus 1-MeV electron fluence for high 
resistivity n+pp+ cells. 
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